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Abstract.—Even at sublethal concentrations, various anthropogenic pollutants may disrupt the transfer of
chemosensory information, often inducing maladaptive behavioral responses. Recent studies of freshwater
prey fishes have shown impaired abilities to respond to damage-released chemical alarm cues from
conspecifics under weakly acidic conditions (pH ; 6.0). Several factors acting individually or collectively
may account for such chemosensory impairment. By itself, acidification may chemically disrupt the alarm
cues and affect fish olfactory functions. Alternatively, differences in local environmental conditions may
affect biochemical composition, quantity of chemical alarm cues produced by epidermal tissue, or both,
leading to variations in alarm response. Our goal was to assess whether the ability to produce and detect
conspecific chemical alarm cues is similar in individuals reared under neutral versus acidic conditions. We
conducted two experiments in which we measured the behavioral response of wild juvenile Atlantic salmon
Salmo salar exposed to chemical alarm cues. In particular, we looked for differences in the ability of
individual fish to (1) produce alarm cues capable of eliciting consistent antipredator behavior in conspecifics
and (2) detect alarm cues upon the fish’s introduction into a stream with a pH differing from that of the stream
of origin; the latter experiment involved reciprocal transplant of fish between neutral (pH range ; 7.0–7.3)
and acidic (pH range ; 5.9–6.3) sites. Our results demonstrate that the ability to produce and respond to
chemical alarm cues is maintained in Atlantic salmon reared under acidic conditions and did not differ from
that of fish reared under neutral conditions. Overall, these data suggest that no permanent olfactory damage
occurred under reduced pH and, likewise, no significant difference in functional alarm cue production existed
between Atlantic salmon reared under neutral and acidic conditions. Short-term reduction in olfactory
sensitivity and degradation of the chemical alarm cues under acidic conditions are the likely mechanisms
affecting detection of these important chemicals by prey fish.
Predation is a strong selective agent, shaping the
ability of prey to detect local predation threats and
respond in a context-appropriate manner (Lima and Dill
1990; Abrams 1995; Lima 1998). While many sensory
modalities may be used to assess local predation risks,
chemical cues used in predator avoidance are wide-
spread among vertebrate and invertebrate prey species
(Turner et al. 2000; Persons et al. 2001; Brown and
Chivers 2005). Of the various types of chemical alarm
cues used in risk assessment (Wisenden 2000), damage-
released chemical alarm cues (i.e., those that are
passively released upon mechanical damage to the
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epidermis) are commonly found among a wide variety
of taxonomically diverse aquatic prey species (Smith
1992, 1999; Chivers and Smith 1998; Brown 2003).
Given that predation is often the agent of release, this
type of alarm cue should represent a reliable indication
of local risk. When detected by nearby conspecifics,
these chemical cues may elicit dramatic increases in
species-typical antipredator responses (Smith 1992;
Chivers and Smith 1998; Leduc et al. 2006), which
have been demonstrated to increase survival during
staged encounters with natural predators (Mathis and
Smith 1993; Mirza and Chivers 2000).
Unfortunately, chemosensory functions can be
affected by anthropogenic chemical disturbances
(reviewed by Lu¨rling and Scheffer 2007). For example,
even in sublethal concentrations, pesticides (Atchison
et al. 1987; Little et al. 1990; Scholz et al. 2000), heavy
metals (Scott et al. 2003; McPherson et al. 2004;
Sandahl et al. 2007), and acidification (A˚tland 1998;
Brown et al. 2002; Tembo 2009) may impair the
detection and response to chemical signals in wide-
ranging organisms. As anthropogenic acidity may be
far removed from its direct source (Rodhe et al. 1995),
acidification may cause serious concerns for ecosys-
tems that are not otherwise affected by human activity
(reviewed by Schindler 1988). Recent laboratory and
field experiments have shown reduced response to
chemical alarm cues under weakly (sublethal) acidic
conditions (i.e., pH ; 6.0; Brown et al. 2002; Leduc et
al. 2006). For example, Leduc et al. (2004, 2006)
showed reduced alarm responses in brook trout
Salvelinus fontinalis and Atlantic salmon Salmo salar
that were exposed to conspecific chemical alarm cues
in acidic streams (pH range ; 5.8–6.3) compared with
neutral streams (pH range ; 7.0–7.4).
Understanding the mechanisms involved in alarm
function loss at low pH may help explain the differences
in response to alarm cues between prey fish reared
under different acidification regimes. For instance, work
by Brown et al. (2002) suggests a molecular ‘‘degrada-
tion’’ of the chemical alarm cues in the presence of acid,
which renders the cues nonfunctional. From this
mechanism, a loss of response to the alarm cues may
occur without physiological olfactory impairment of
fish (Leduc et al. 2004; Smith et al. 2008). Another
possibility, however, involves reduced olfactory abili-
ties in fish (Moore 1994; Tembo 2007). Due to the
presence of acids, lowered olfactory sensitivity may
increase the concentration threshold for the detection of
chemical signals, making detection difficult at environ-
mentally relevant concentrations (Moore 1994). Con-
sequently, after prolonged periods of acidification,
significant olfactory damage may occur, thereby
impeding the detection of chemical cues even after a
return to neutral pH conditions (i.e., extended period of
recovery time may be necessary; Brown et al. 1982;
Moore 1994). A third, nonmutually exclusive, mecha-
nism exists in which the ambient pH alters either the
quality or quantity of chemical alarm cue produced. For
example, juvenile convict cichlids Cichlasoma nigro-
fasciatum that were fed varying diets produced alarm
cues that differed in efficiency for triggering an alarm
response in conspecifics (Brown et al. 2004; Roh et al.
2004). Similarly, Chivers et al. (2007) demonstrated
that an increased volume of chemical alarm cues was
produced from fish epidermis in the presence of skin
pathogens. Thus, ambient acidity and differences in
environmental conditions might affect the environment-
specific ability to detect chemosensory information, the
production of the alarm cue itself, or both.
In this study, we tested the ability of juvenile
Atlantic salmon to respond to (and thus detect)
chemical alarm cues and their ability to produce
chemical alarm cues under varying pH conditions. In
addition, we considered the roles of environment
versus local effects in the variation of antipredator
response to chemical alarm cues. We asked the
following questions: (1) do Atlantic salmon reared
under acidic conditions retain the ability to produce a
recognizable alarm cue despite their inability to exhibit
an alarm response; and (2) do Atlantic salmon reared
under acidic conditions have reduced olfactory abilities
to detect chemical alarm cues in comparison with
conspecifics found under neutral conditions? To
address the above questions, we conducted two
experiments. In the first experiment, we tested for a
difference in alarm response intensity after exposures
to chemical alarm cues from Atlantic salmon of
different origins (i.e., reared in neutral or weakly
acidic streams) and from a sympatric prey guild
member species when tested under neutral conditions
(i.e., where the detection of the alarm cues has been
shown to occur). This procedure allowed us to assess
whether populations from acidic and neutral streams
produced chemical alarm cues having a similar
potential to elicit antipredator behavior. In the second
study, we conducted a reciprocal transplant experiment
(see below) between Atlantic salmon reared in streams
with acidic and neutral pH levels (mean pH ; 7.2 and
6.10, respectively) and assessed whether environmental
or long-term olfactory impairment from acidity better
explained the absence of an alarm response.
Methods
Test Sites
Field observations were conducted in Northumber-
land County, New Brunswick, Canada, in two
tributaries of the Little Southwest Miramichi River:
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Catamaran Brook (approximately 46851 049 00N,
66809 054 00W) and Devil 0s Brook (approximately
46852040 00N, 66813075 00W; Figure 1). Catamaran and
Devil’s brooks are natural nursery streams used by wild
Atlantic salmon (Cunjak et al. 1993; Johnston 1997)
and are located in mature forests exposed to little or no
direct human disturbance effects aside from potential
acid precipitation (Leduc et al. 2006, 2007). A large
proportion of the region is underlain by poorly
weatherable bedrock, including granite with little acid
buffering capacity (Department of Energy, Mines, and
Resources Canada 1991). Our data (see below) and
data from Leduc et al. (2006, 2007) reveal persistent
differences in ambient acidity from 2003 to 2006
between Catamaran Brook (mean pH range ¼ 7.15–
7.35) and Devil’s Brook (mean pH range¼ 5.85–6.09).
Collection and Extraction of Chemical Stimulus Types
For both experiments, we collected chemical alarm
cues from conspecific donors captured in the Little
Southwest Miramichi River (experiments 1 and 2),
Catamaran Brook (experiment 1), and Devil’s Brook
(experiment 1; Figure 1). In all cases, donors were
collected using a backpack electrofisher (Smith-Root,
Vancouver, Washington). To ensure that alarm cue
solutions from Atlantic salmon donors came from
sites of suitable acidity, we measured the stream pH
(using a MultiLine P4 meter; WTW, Weilheim,
Germany) before and after capture of the fish (Table
1). Donors were euthanized via cervical dislocation.
We removed skin fillets from either side of the
donor’s body and immediately placed the skin into
untreated, ice-chilled well water with an approximate
pH of 7.10. Skin fillets were then homogenized,
filtered through polyester filter floss, and diluted to
the desired final volume with the addition of well
water. We collected sufficient skin (Table 1) such that
the final concentration of alarm cues was approxi-
mately 0.08 cm2/mL of solution. This concentration
has previously been shown to reliably elicit antipred-
ator responses in stream-dwelling juvenile Atlantic
salmon (Leduc et al. 2006, 2007). For experiment 1,
we also used alarm cues from a sympatric prey guild
member found in Catamaran Brook, the eastern
blacknose dace Rhinichthys atratulus (Cunjak 1995),
as prey may learn to detect and respond to chemical
alarm cues from other species with which they are
sympatric (i.e., heterospecific response; Chivers et al.
2002; Brown and Chivers 2005). Antipredator re-
sponse to heterospecific cues may confer survival
benefits (Mirza and Chivers 2002); thus, we included
this sympatric alarm cue for comparison with
conspecific Atlantic salmon alarm cues originating
from different sites. As a control for the injection
procedure, we used stream water. Stimuli were frozen
in 20-mL aliquots at 208C until required.
FIGURE 1.—Locations of study sites in New Brunswick,
Canada, used for experiment 1 (asterisk ¼ study site in
Catamaran Brook; injury-released alarm cues were generated
from Atlantic salmon collected at [1] Catamaran Brook, [2]
Little Southwest Miramichi River, and [3] Devil’s Brook and
from [4] eastern blacknose dace in Catamaran Brook) and
experiment 2 (arrows ¼ study sites [;30 m long] containing
enclosures in Catamaran and Devil’s brooks). Inset (top right
corner) shows the location of the study area within New
Brunswick.
TABLE 1.—Stream pH range at the time of capture, number of donors, mean standard length (SL) of donors, and total area of
skin fillets (cm2) collected to generate damage-released chemical alarm cues from each population of juvenile Atlantic salmon or


















Little Southwest Miramichi River (exp. 2) 7.04–7.11 16 66.0 6 2.3 79.6 917 0.086
Little Southwest Miramichi River (exp. 1) 7.12–7.20 12 63.7 6 2.4 57.1 658 0.087
Catamaran Brook (exp. 1) 7.22–7.34 5 66.2 6 3.4 32.7 367 0.089
Devil’s Brook (exp. 1) 5.98–6.12 6 66.0 6 2.7 35.8 401 0.089
Eastern blacknose dace
Catamaran Brook (exp. 1) 7.22–7.34 7 55.0 6 1.4 28.6 323 0.0885
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Experiment 1: Testing for Population Differences in
Alarm Cue Production
Experiment 1 was conducted during July 2005 in a
200-m stretch of Catamaran Brook (Figure 1), a pH
neutral stream in which the chemical alarm system has
been shown to be functional (i.e., to elicit a consistent
antipredator response; Leduc et al. 2006). The
experiment consisted of five treatments: four different
alarm cue sources (i.e., donor origin) and a control of
stream water. Alarm cue solutions were generated from
(1) Catamaran Brook Atlantic salmon (same site,
neutral pH), (2) Little Southwest Miramichi River
Atlantic salmon (different site, neutral pH), (3) Devil’s
Brook Atlantic salmon (different site, weakly acidic
pH), (4) Catamaran Brook eastern blacknose dace
(same site, heterospecific alarm cue), and (5) well
water. Details pertaining to the generation of the alarm
cue solutions are reported in Table 1. The purpose of
this experiment was to test for differences in the
‘‘potential’’ of alarm cues from individual Atlantic
salmon reared under different pH conditions to trigger
an alarm response in conspecifics reared under neutral
conditions. A second goal was to test for any site-
related effects of the alarm cues (i.e., whether the alarm
response to ‘‘in-site’’ versus ‘‘off-site’’ alarm cues
differed). We predicted that if ambient acidity had any
effect on the production or quality of the alarm cues,
we would observe differences in alarm response
intensity between alarm cue exposures originating
from neutral and acidic sites (i.e., Devil’s Brook alarm
cues should elicit a weaker response than alarm cues
from either Catamaran Brook or Little Southwest
Miramichi River). Alternatively, if the ability to
respond to chemical alarm cues reflects local adapta-
tions, we predicted that the alarm cues originating from
the test site (cues from both Atlantic salmon and
eastern blacknose dace) would elicit a significantly
greater alarm response than the two Atlantic salmon
alarm cues from off site (i.e., Devil’s Brook and Little
Southwest Miramichi River).
Experimental protocol.—In Catamaran Brook, we
chose a section with relatively homogeneous physical
characteristics (Table 2) in which to conduct behavioral
observations on individual Atlantic salmon. We video-
recorded all alarm cue sensitivity trials using focal
individuals that were found randomly while snorkeling
in the test site. When a focal Atlantic salmon was
found, the experimenter (A.O.H.C.L.) positioned
himself approximately 1.5 m upstream from the test
fish at an angle of approximately 458 relative to the
water current to minimize turbulence that might
interfere with the test subjects. From this upstream
position, we recorded the observation trials using a Sea
View underwater video camera held by the experi-
menter. From this distance (;1.5 m), behavioral
observations on juvenile salmon can be conducted with
ease and accuracy (Leduc et al. 2007). Prior to the start
of all trials, we let the focal fish acclimate to the
experimenter’s presence until it behaved ‘‘normally’’
(i.e., it was feeding and moving). Observation trials
were 10 min in duration and were divided into 5-min
prestimulus and 5-min poststimulus observation peri-
ods. Immediately after the prestimulus observation
period, we injected 20 mL of one of the five stimuli
(including the water control) into the stream and
immediately began the poststimulus observation period.
We repeated this procedure moving from downstream
to upstream and spacing trial sites by at least 4 m (i.e.,
larger than the 1.5–3.0-m2 territory size typical of
young-of-year [age-0] Atlantic salmon; Steingrı´msson
and Grant 2003). We conducted a total of 64 alarm cue
sensitivity trials: 13 in response to Catamaran Brook
Atlantic salmon alarm cues, 12 for Devil’s Brook alarm
cues, 12 for Little Southwest Miramichi River alarm
cues, 14 for Catamaran Brook eastern blacknose dace
alarm cues, and 13 for the stream water control.
After each trial, we measured a suite of environ-
mental variables to reduce the probability that any
TABLE 2.—Mean (6SE) values of physical and chemical variables for each alarm cue stimulus treatment tested in Catamaran














pH 7.29 6 0.06 7.27 6 0.09 7.22 6 0.03 7.34 6 0.08 7.35 6 0.02
Dissolved oxygen (%) 98.8 6 0.14 97.8 6 0.09 96.2 6 0.11 96.9 6 0.05 98.1 6 0.03
Water temp (8C) 17.0 6 0.06 17.2 6 0.12 17.6 6 0.07 17.4 6 0.08 17.8 6 0.11
Velocity (m/s) 0.26 6 0.13 0.33 6 0.12 0.33 6 0.06 0.28 6 0.24 0.27 6 0.20
Depth (m) 0.23 6 0.22 0.29 6 0.26 0.25 6 0.31 0.26 6 0.19 0.28 6 0.73
Cloud cover (%) 52 6 14 55 6 09 50 6 12 61 6 10 48 6 19
Substrate complexity 82 6 0.7 83 6 0.9 90 6 0.2 88 6 0.5 84 6 0.1
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observed differences could be attributed to small-scale
habitat differences (Table 2). Water velocity was
recorded at 5 cm below the water surface using a
Flo-Mate velocity meter (Marsh-McBirney, Inc., Fred-
erick, Maryland). We measured pH, dissolved oxygen,
and water temperature using a MultiLine P4 meter
(WTW), and depth was measured using a 1-m ruler. In
addition, we measured substrate complexity at the focal
location of each test fish (i.e., the location where they
received the stimulus) by taking one measurement
parallel to water flow and one measurement perpen-
dicular to water flow using a 1-m-long, flexible metal
wire that we molded to the substrate (as in Keeley and
Grant 1995). An index of complexity was obtained by
measuring the linear distance between the ends of the
wire after it was molded to the substrate. Since the
metal wire had a length of 1 m, a substrate complexity
value of 1 would indicate that the substrate is flat (i.e.,
no complexity), while a lower number would indicate
greater complexity.
Behavioral measures and statistical analysis.—
From the video recordings, we quantified the following
for each focal Atlantic salmon during both the pre- and
poststimulus observation periods: (1) time (s) spent
moving, (2) number of foraging attempts, and (3) time
(s) spent on the substrate. Time spent moving was
defined as any observable displacement exceeding 1.0
body length (BL). Feeding attempts were defined as
displacements of at least 0.5 BL, followed by a pecking
motion typical of salmon striking at drifting prey. Time
on the substrate was recorded as the time for which a
focal fish was in physical contact with the substratum
without changing its location. For each behavioral
measure, we calculated the change between pre- and
poststimulus observation periods and used these
difference scores as dependent variables in all
subsequent analyses. Videotapes were quantified blind
to the treatment.
We tested for differences in stimulus type using
analyses of variance (ANOVAs) for each behavioral
measure. Post hoc comparisons were made with
Fisher’s probability of least-squared differences. We
used the Statistical Package for the Social Sciences
(SPSS) version 11 to conduct all statistical analyses.
Experiment 2: Testing for Different Population
Sensitivities to Alarm Cues
In July 2004, we conducted a reciprocal transplant
experiment between Catamaran Brook (neutral pH) and
Devil’s Brook (acidic pH) that involved placement of
an enclosure in each stream (see below). We used a 23
2 3 2 factorial design with acidity level (Catamaran
Brook versus Devil’s Brook), fish origin (Atlantic
salmon from Catamaran Brook versus Devil’s Brook),
and stimulus type (chemical alarm cue versus stream
water) as factors. Atlantic salmon reared in Devil’s
Brook (weakly acidic) were tested in both a weakly
acidic enclosure and a neutral stream enclosure.
Likewise, Atlantic salmon from Catamaran Brook
(neutral) were also tested in both a weakly acidic
enclosure and neutral stream enclosure. Each fish was
randomly exposed to one of the two stimuli and was
tested only once. The purpose of this reciprocal
transplant experiment was to compare the strength of
the antipredator response between (1) Atlantic salmon
exposed to an alarm cue in the home stream and (2)
fish exposed to an alarm cue in a stream with a
different ambient pH. We predicted that if the ability to
detect alarm cues was lost in Atlantic salmon reared
under acidic conditions, then such individuals would
not retain the ability to respond to the alarm cues even
when tested under neutral conditions.
Experimental enclosures were constructed in each
stream by fencing off individual channel units using
4.5-mm wire mesh supported by steel bars (as in
Rosenfeld and Boss 2001). Enclosures were 6.0 m in
length, 1.0 m in width, and 0.7 m in height and were
installed parallel to the water current; each enclosure
had a wire-mesh bottom skirt stapled to a 5- 3 10- 3
60-cm wooden plank buried under the substratum. To
prevent fish from escaping, we also used a mesh
bottom that we covered with gravel and cobbles (to
produce natural substratum conditions). To reduce the
possibility of visual transmission of an alarm response
from alarm cue exposures (see Mathis et al. 1996)
between test fish and to reduce intraspecific aggressive
interactions (Imre et al. 2002; Blanchet et al. 2006), we
arranged rows of natural boulders to half the depth of
the enclosure (approximately 15 cm in height) placed
perpendicular to the direction of flow in the enclosures.
As such, with these rows, we created six visually
isolated ‘‘compartments’’ (one division every linear
meter). The enclosures were left undisturbed for a
minimum of 48 h before conducting any behavioral
trial.
Experimental protocol.—We conducted direct be-
havioral observation trials on test fish placed inside
enclosures. In each enclosure, a total of 24 fish from
the home stream and 24 fish from the other stream were
tested. For each stream origin group, 12 fish were
exposed to alarm cues and 12 fish were exposed to
water. Thus, in a given enclosure (or at a given acidity
level), 48 trials were conducted. We conducted 12
replicates per combination of treatments for a total of
96 observation trials (12 replicates32 stream origins3
2 enclosure locations 3 2 stimulus types). Because of
the limited number of enclosures (one in Catamaran
Brook and one in Devil’s Brook), experimental trials
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were run sequentially for 21 d. We used a standardized
Atlantic salmon alarm cue solution originating from
donors collected in Little Southwest Miramichi River
(Table 1) to minimize the confounding effects of using
alarm cues from Atlantic salmon of different origins
(i.e., Catamaran and Devil’s brooks).
At least 24 h before each test trial (ranging from 24
to 27 h), we placed six age-0 Atlantic salmon in each of
the two enclosures at a density of 1 individual/m2,
which represents a natural density in the study streams
(Grant et al. 1998; Steingrı´msson and Grant 2003). We
randomly chose the origin (i.e., either Catamaran
Brook or Devil’s Brook) of the test fish to be placed
in a given enclosure on a given day. The test subjects
were captured using dip nets while snorkeling outside
of the study sites (minimum of 30 m away from the
enclosures). In this experiment, the test fish were
placed inside the enclosure, while the observer
(A.O.H.C.L.) was positioned outside of the enclosure.
Behavioral observations were conducted as described
above for experiment 1, except that (1) we did not
videotape the trials and (2) we recorded only the time
spent moving and the number of foraging attempts.
Stimuli were injected from outside of the enclosure
(through the mesh) at approximately 0.5 m upstream
from the focal fish. Stimuli were prepared by an
assistant onshore so that the observer (A.O.H.C.L.)
would have no knowledge of the treatment. Each test
subject was individually exposed to one of two stimuli
(randomly chosen) and was tested only once. To avoid
exposing the test fish to multiple injected stimuli, we
conducted the observations from the downstream-most
fish to the upstream-most fish. Behavioral observations
were directly recorded using a water-resistant stop-
watch and a counter. On each testing day after the
completion of all trials, we measured physical and
chemical variables within each enclosure, taking
measurements at 0.5 m from each end of the enclosure
(i.e., at 0.5 and 5.5 m) and averaging these values. The
measured variables included pH, depth, current speed,
dissolved oxygen, conductivity, percent cloud cover,
and water temperature (Table 3). After testing, Atlantic
salmon were released at the location of their capture.
Statistical analysis.—As in experiment 1, we
quantified the intensity of an alarm response by
measuring the time (s) spent in movement and the
number of feeding attempts during the pre- and
poststimulus observation periods. We predicted that a
reduction in feeding and movement would indicate the
occurrence of an antipredator response (Chivers and
Smith 1998). We tested for any overall effect of
enclosure location (environmental acidity), test fish
origin (Catamaran Brook versus Devil’s Brook), and
stimulus type (stream water versus chemical alarm cue)
on the test fish’s antipredator behavior intensity by
using a multivariate ANOVA (MANOVA) with
environment, fish origin, and stimulus as independent
variables. Using subsequent MANOVAs, we further
investigated the effects of stimulus type and fish origin
on the test fish’s antipredator response intensity for
each stream separately.
To determine whether the behavioral responses were
influenced by differences in habitat characteristics
between streams, we compared the physical and
chemical parameters (measured inside each enclosure)
using an ANOVA (Table 3). To ensure that baseline
activity was similar among test fish populations, we
used ANOVA to compare the baseline (prestimulus)
values of each behavioral measure between the two
study streams and between the two stream origin
groups. Our data met the assumption of normality. All
statistical analyses were conducted using SPSS version
11.
Results
Experiment 1: Testing for Population Differences in
Alarm Cue Production
The ANOVA with simple contrast revealed signif-
icant effects of stimulus type between pre- and
poststimulus periods on the frequency of foraging
TABLE 3.—Mean (6SE) values of physical and chemical variables for enclosures in Catamaran Brook and Devil’s Brook, New
Brunswick. One-way analysis of variance was used to assess differences in characteristics between the enclosures (significance at
P  0.05; df¼ 1, 95 for all comparisons).
Variable Catamaran Brook Devil’s Brook F P
pH 7.26 6 0.18 6.11 6 0.07 15.418 0.001
Dissolved oxygen (%) 96.8 6 0.07 95.8 6 0.12 0.137 0.712
Water temp (8C) 18.8 6 0.13 16.4 6 0.09 1.627 0.205
Velocity (m/s) 0.26 6 0.27 0.21 6 0.26 0.590 0.444
Depth (m) 0.30 6 0.21 0.33 6 0.10 1.482 0.082
Cloud cover (%) 55 6 15 47 6 18 0.067 0.797
Conductivity (mS/cm) 27.18 6 0.09 16.06 6 0.07 18.301 0.001
Substrate complexity 91 6 0.11 83 6 0.14 0.746 0.059
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attempts (F
4,59
¼ 5.10, P¼ 0.001), time moving (F
4,59
¼ 4.98, P¼ 0.002), and time on substrate (F
4,59
¼ 3.56,
P ¼ 0.011). Post hoc comparisons demonstrated that
each of the Atlantic salmon alarm cues elicited
significant antipredator responses relative to the well-
water controls (Figure 2). No significant difference was
detected in alarm response intensity induced by the
different Atlantic salmon chemical alarm cues. In
response to injections of these alarm cues, the number
of feeding attempts significantly decreased from 10.1
to 6.2 attempts (averaged values; Figure 2A), the time
spent moving significantly decreased from 58.0 to 32.7
s (Figure 2B), and the time spent motionless on the
substrate significantly increased from 211.8 to 233.5 s
(Figure 2C) relative to the changes observed for the
well-water control. The response to the heterospecific
(eastern blacknose dace) alarm cue for all behavioral
measures was intermediate between responses ob-
served for the Atlantic salmon alarm cues and those
observed for the well-water control (Figure 2). One-
sample t-test revealed that for the well-water control,
the difference scores (i.e., the intensity of the response)
for all behavioral measures were not statistically
different from zero. No baseline activity difference
between treatments existed in mean number of feeding
attempts (F
4,59
¼ 0.473, P¼ 0.756), time spent moving
(F
4,59
¼ 1.165, P ¼ 0.336), and time spent on the
substrate (F
4,59
¼ 0.365, P¼ 0.833).
Experiment 2: Testing for Different Population
Sensitivities to Alarm Cues
The alarm response intensity of juvenile Atlantic
salmon was significantly higher (see below) in the
neutral Catamaran Brook environment than in the
weakly acidic Devil’s Brook (F
7,88
¼ 5.10, P , 0.01).
Overall, there was no significant effect of fish origin
(Atlantic salmon captured from either Catamaran
Brook or Devil’s Brook; F
7,88
¼ 0.53, P ¼ 0.589) or
stimulus type (alarm cue versus stream water; F
7,88
¼
2.67, P ¼ 0.075), and the origin 3 stimulus type
interaction was not significant (F
7,88
¼ 0.034, P ¼
0.966). We found, however, a highly significant
interaction between stimulus type and enclosure
location (F
7,88
¼ 8.52, P , 0.001), suggesting that
the effect of stimulus type was dependent on stream
pH. Post hoc comparisons of each stream taken
separately showed a significant effect of stimulus type
(F
3,44
¼ 8.529, P ¼ 0.001) on the number of feeding
attempts (decrease from 11.2 to 7.3 attempts; F
3,44
¼
12.26, P ¼ 0.001; Figure 3A) and the time spent
moving (decrease from 64.5 to 45.5 s; F
3,44
¼ 6.53, P¼
0.014; Figure 3B) in Catamaran Brook. Fish origin had
no effect on the intensity of the alarm response (F
3,44
¼
0.565, P ¼ 0.571) and the origin 3 stimulus type
FIGURE 2.—Mean (6SE) differences in behavior (poststim-
ulus minus prestimulus) of juvenile Atlantic salmon exposed
to alarm cues under pH neutral conditions in Catamaran Brook
(CB), New Brunswick: (A) number of feeding attempts, (B)
time (s) spent in motion, and (C) time (s) spent motionless on
the substrate. Alarm cues were from Atlantic salmon collected
at three sites (CB; LSW¼ Little Southwest Miramichi River;
DB¼Devil’s Brook) or from a heterospecific donor (BND¼
eastern blacknose dace from CB); stream water (SW) was
applied as a control. Differing lowercase letters denote
significant differences between treatment groups.
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interaction was not significant (F
3,44
¼ 0.096, P ¼
0.909) for Catamaran Brook. By contrast, in Devil’s
Brook, we found no significant effect of stimulus type
(F
3,44
¼ 1.124, P ¼ 0.334) on the number of feeding
attempts (increase from 10.7 to 11.8 attempts; F
3,44
¼
1.97, P ¼ 0.167; Figure 3A) or on the time spent in
motion (increase from 69.7 to 72.2 s; F
3,44
¼ 0.15, P¼
0.697; Figure 3B). As in Catamaran Brook, fish origin
had no effect on the intensity of the alarm response in
Devil’s Brook (F
3,44
¼ 1.12 P¼ 0.331), and the origin
3 stimulus type interaction was not significant (F
3,44
¼
0.76, P ¼ 0.927). As such, under acidic conditions,
Atlantic salmon of both stream origins were equally
unresponsive to the alarm cues.
We found no significant difference in overall
baseline activity of fish between the two enclosure
locations (F
7,88
¼ 2.084, P ¼ 0.130), between stream
origin types (F
7,88
¼ 0.781, P ¼ 0.46), or between
stimulus treatments (F
7,88
¼ 0.622, P ¼ 0.432);
interactions of these factors were not significant. This
further confirms that any observed differences in
response patterns are not due to differences in activity
levels between populations. Likewise, with the excep-
tion of water pH and conductivity, we found no
significant difference in the mean values for any of the
abiotic variables surveyed (Table 3).
Discussion
Our experiments confirm earlier studies demonstrat-
ing that acidity impairs the ability to respond to
waterborne chemical alarm cues. We extend the results
of those studies by showing that the apparent disparity
in alarm cue response between Atlantic salmon reared
under different acidity regimes is driven by environ-
mental differences in water quality rather than by
intrinsic differences in the fish’s ability to produce or
respond to the alarm cues. In experiment 1, we
demonstrated that alarm cues originating from Atlantic
salmon reared in neutral and weakly acidic streams
were equally effective in eliciting antipredator behavior
when tested under neutral conditions. Noticeably, no
difference existed in the intensity of the alarm response
after alarm cues of differing origins were injected
(although the eastern blacknose dace alarm cue elicited
only a weak alarm response; Figure 2). Thus, the
observed differences in antipredator behavior found
between our neutral and weakly acidic streams cannot
be attributed to any effects on the production (either
quality or quantity) of the alarm cues between Atlantic
salmon reared under different conditions. The recipro-
cal transplants of fish in experiment 2 showed no
difference in the fish’s ability to respond to alarm cues,
demonstrating that long-term olfactory impairment
could not account for reduced aptitude to respond to
the alarm cues. In experiment 2, we showed that test
fish origin had no effect on the intensity of the response
to alarm cues when tested under neutral or acidic pH.
When tested under neutral conditions, fish from both
neutral and weakly acidic streams performed the
predicted antipredator behavior without a significant
difference in response intensity; under acidic condi-
tions, neither fish population responded to conspecific
chemical alarm cues. This clearly demonstrates that
FIGURE 3.—Mean (6SE) differences in behavior (poststim-
ulus minus prestimulus) of juvenile Atlantic salmon exposed
to alarm cues (dark bars) or stream water (open bars) while
being held in enclosures: (upper) number of feeding attempts
and (lower) time (s) spent in motion. The site of testing
(Catamaran Brook [neutral pH] or Devil’s Brook [acidic pH],
New Brunswick) is indicated at the top of the figure; test fish
origin is designated by codes (CB¼ Catamaran Brook; DB¼
Devil’s Brook).
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environmental acid-mediated chemosensory disruption
explains the differences in alarm response intensity
between sites rather than state-dependent differences in
Atlantic salmon physiological or behavioral conditions.
These results suggest that (1) short-term reduction in
olfactory sensitivity, (2) chemical disruption of the
alarm cues, or (3) a combination of these is creating
significant functional impairment, impeding Atlantic
salmon response to the alarm cues. Overall, these
finding reinforce the conclusion that intersite differ-
ences in alarm response can be explained by an
environmental acid-mediated chemosensory disruption
rather than by state-dependent (physiological and
behavioral) differences. For instance, when comparing
all the measured environmental variables between test
sites, only the environmental acidity and conductivity
levels significantly differed. Conductivity may repre-
sent the contribution of ion-rich groundwater coming
into the stream, leading to greater buffering capacity
and, hence, circumneutral conditions (Woessner 2000).
The impact of weak acidification (or low concentra-
tions of various other pollutants) has only recently
received well-deserved attention (reviewed by Lu¨rling
and Scheffer 2007), showing various subtle sublethal
costs linked to maladaptive response patterns. In our
study, the pH ranged from approximately 5.9 to 7.3 and
thus was considered to be below a threshold under
which damage to aquatic biota typically occurs (Doka
et al. 2003; Holt et al. 2003). This acidity level does not
typically create severe physiological stress in many
freshwater fish species; for salmonids, the acidity
avoidance threshold is between pH 4.5 and 5.5
(Lacroix et al. 1985; Gunn 1986; Peterson et al.
1989), values significantly more acidic than those in
our test streams. Although low-level acidity may not
have direct lethal effects for wild juvenile salmonids,
the observed chemosensory alarm impairment may
have severe fitness consequences stemming from
increased predator success. Although this hypothesis
requires testing under a natural setting, Leduc et al. (in
press) showed increased predator success under
laboratory conditions during staged encounters be-
tween predators and prey. In that experiment (Leduc et
al., in press), largemouth bass Micropterus salmoides
predators captured rainbow trout Oncorhynchus mykiss
prey significantly faster when alarm cues acidified to a
pH of approximately 6.0 were injected into the test
tanks compared with injections of neutral alarm cues.
This result clearly shows the ecological relevance of a
reduced ability to respond to chemical alarm cues
because of chemosensory impairment. Other studies
have shown maladaptive but nonlethal behavioral
changes in salmonids exposed to low acid concentra-
tions. For example, Kitamura and Ituka (2000, 2001)
documented suppression of normal mating, nest
digging, and migratory behaviors in wild hime salmon
(landlocked sockeye salmon O. nerka) under a pH of
approximately 6.2. Thus, nonlethal anthropogenic
acidification may broadly affect organisms’ behavior
and life histories, thereby affecting their ecology. In the
case of wild Atlantic salmon, the decreased number of
adults returning to spawn may render this species
increasingly vulnerable to sublethal anthropogenic
changes (Parrish et al. 1998). The impairment mech-
anisms proposed by our results suggest that reductions
in acid depositions could have immediate favorable
effects on the normal ability of Atlantic salmon to
detect chemical alarm cues and respond in a context-
appropriate manner.
Recent research on ostariophysan fishes has demon-
strated increased production of chemical alarm cues
upon exposure to skin pathogens, parasites, and
ultraviolet-B radiation (Chivers et al. 2007). Given
the possible immunological function of alarm cues, it is
easy to understand why their production is maintained
even under conditions in which the predator avoidance
function is lacking (e.g., under low pH). If such a
predator avoidance function no longer becomes
adaptive, how is this trait maintained in the alarm cue
receivers? It might be expected that a trait for which the
value is reduced or lost due to an environmental change
should disappear (Ricker 1972). However, in our
experiment 2, the intrinsic abilities to detect and
respond to chemical alarm cues were maintained under
acidic conditions (as revealed when tested under
neutral conditions) despite the loss of predator
avoidance benefits under acidic home stream condi-
tions. How can this apparent lack of divergence in
chemosensory functions between acidic and neutral
conditions (either for local adaptation in detection
abilities or a complete detection loss) be maintained?
Gene flow from salmonids moving into nonnatal
spawning streams may be substantial (Tallman and
Healey 1994; Hendry 2001; Rogers and Curry 2004).
In our test system, the patch size of the acidic selection
regime may be small relative to gene flow from
Atlantic salmon found in neutral conditions, where
chemical alarm traits remain adaptive. It is thus
possible that the acidic patch size may be too small,
preventing local divergence (Sandoval 1994). More-
over, the level of acidification in the acidic stream may
not have been present for a sufficient duration to
generate divergence. However, population differences
driven by selection regimes may act on relatively short
time scales (Hendry and Quinn 1997; Hendry et al.
2002). Pink salmon O. gorbuscha and sockeye salmon
diverged genetically from their common ancestral
group over approximately 12–13 generations (Gharrett
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and Thomason 1987; Hendry 2001). Acid precipita-
tions in the Canadian Atlantic Provinces have been
occurring for at least 60 years (Clair and Ehrman 1995)
and thus over at least 10–12 generations. It remains
unclear whether acidity as a selection regime would
produce local chemosensory adaptation (or complete
detection loss) under acidic conditions in future
generations of Atlantic salmon if environmental
conditions do not improve.
Although recent research has reported a widespread
recovery from acidification in North American and
European aquatic ecosystems in response to a decrease
in sulfate deposition (Stoddard et al. 1999; Doka et al.
2003; but see Alewell et al. 2000), several estimates
predict that 50 years or even 100 years will be
necessary for acid-neutralizing capacity to return
aquatic systems to preacidification levels (Jeffries et
al. 2000; Clair et al. 2004). Stoddard et al. (1999)
suggested that a larger decrease in sulfur deposition, a
longer response time, or both may be required for a
widespread recovery to occur in North America. As
such, the occurrence of sublethal acidity and its impacts
on aquatic ecosystems will probably be measurable for
many more decades. Under present conditions, we
have shown that differences in the display of functional
chemical alarm traits (i.e., the production of and
response to chemical alarm cues) are not caused by
physiological or behavioral differences between sal-
monids reared under different acidification regimes.
Rather, our data suggest environmentally dependent
effects occurring under weakly acidic conditions
whereby a reduction of olfaction abilities, degradation
of functional alarm cues, or both lead to an impaired
alarm response. Fortunately, these impairment mecha-
nisms appear to be reversible in the short term if
environmental conditions improve.
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